Introduction {#s0005}
============

Cancers are diseases caused by aberrant growth of cells that have the metastatic capability hence it can spread to other parts of the body [@bb0005]. All tumor cells express the six "hallmarks of cancer", which are mainly involved in malignant tumor development. These hallmarks are (1) unrestricted cell growth and division in the absence of appropriate signals, (2) constant growth and division even when inhibitory signals are present, (3) evasion of programmed cell death, (4) the ability to undergo an infinite number of cell divisions, (5) induction of angiogenesis and (6) spreading to the encompassing tissue and the formation of metastases [@bb0010]. The imbalance of cell proliferation and cell death ratio determines an increase in the number of tumor cells [@bb0015]. Apoptosis can be defined as a form of programmed cell death which is actively involving in equalization of the cell balancing process. Damage to and physical disturbance of the cell may elicit accidental cell death, and during the past four decades, it has been found that cells may also actively invoke cell death when needed. These controlled mechanisms of cell death are characteristically linked with human embryonic development, homeostatic maintenance and disease pathology [@bb0020].

Apoptosis is described as an active ([Figure 1](#f0005){ref-type="fig"}), programmed process of self-directed cellular dismantling that does not elicit inflammation [@bb0015], [@bb0025]. Nevertheless, necrosis has been defined as a passive, accidental form of cell death consequent from the environmental disorder that leads to the uncontrolled release of cellular contents and, subsequently, inflammation ([Figure 1](#f0005){ref-type="fig"}). While there are many reports on apoptosis and necrosis as the most investigated cell death processes among cellular biologists, recently, more attention has been paid to study on pyroptosis [@bb0030]. Pyroptosis is activated by an early rupture of plasma membrane integrity, which results in the leakage of intracellular components into the extracellular milieu. Pyroptosis has been extensively studied using microbial-pathogenesis mediated immune models; however, there are a growing number of studies looking at its role in inducing cancer cell death. This review presents perspectives on the mechanisms for activating pyroptosis in cancer cells and a discussion on the opportunities it may present for the treatment of cancer.Figure 1Structural characteristics of cell death pathways. Apoptosis, necroptosis, and pyroptosis are programmed forms of cell death. Membrane blebbing followed by the formation of apoptotic bodies are crucial features apoptosis. While necrosis is accompanied by plasma membrane rupture leads to the release of cellular contents. Pyroptosis results from an inflammatory response induced by inflammasome activation, which is tightly associated with IL-1β/IL-18 secretion. Also, GSDM is involved in pyroptosis cell death.Figure 1

Programmed Cell Death versus Tumor Suppressor Genes {#s0010}
===================================================

In multicellular organisms, the appropriate regulation of cell death is imperative for processes such as embryonic development and cellular turnover in adult tissues [@bb0035]. Therefore, an investigation into the role of pyroptosis in disease conditions is very important, as it not only provides insights into the pathogenesis of a disease but may also provide clues on how the disease can be treated [@bb0025]. Cancer results in a loss of equilibrium between cell division and cell death due to alterations in signaling pathways [@bb0015]. Mammalian cancers lose the capability to initiate or execute apoptotic cell death programs; hence, they are resistant to several existing chemotherapeutic drugs that target apoptosis [@bb0040]. It is, therefore, necessary to discover alternative cell death processes for effective cancer treatments.

Some reports have shown that the inflammasome can trigger both pyroptotic and apoptotic Caspases (Caspases 1 and 11 and Caspases 3, 8, and 9, respectively) under diverse circumstances [@bb0025], [@bb0045]. A recent study proposed that DNA-dependent inflammasome activation at lower doses of a stimulus lead to the induction of apoptosis over pyroptosis [@bb0050]. This evidence clearly demonstrates that apoptotic and pyroptotic processes interact with each other via Caspase activation. The downregulation of tumor suppressor genes, which results in reduced programmed cell death and enhanced tumor growth and inactivation of tumor suppressor genes, leads to many human cancers [@bb0055], [@bb0060]. However, having dual roles, pyroptosis can be a cause of the problem as well as the solution, as many studies researching new drugs targeting several aspects of pyroptosis have revealed. Nevertheless, the literature examining pyroptosis as cancer treatment is currently limited. This article gives a broad overview of pyroptosis, its mechanisms, and how the pyroptotic pathway can be used as a novel target for the treatment of cancer.

Biochemical and Morphological Features of Pyroptosis {#s0015}
====================================================

Pyroptosis is induced most commonly by infection with intracellular pathogens and most likely forms part of the antimicrobial response [@bb0065]. Here, immune cells distinguish external danger signals within themselves, secrete chemical messengers named pro-inflammatory cytokines that cause cell swelling, bursting and finally cell death [@bb0070]. The term "pyroptosis" was originally named in 2001 by Dr. Brad T. Cookson. The Greek word "pyro" means fire, and "ptosis" means falling. The meaning of the combined term "pyroptosis" is, therefore "the falling of fire". It denotes the pro-inflammatory-mediated bursting of infected cells [@bb0075].

The term "pyroptosis" was initially introduced to define a form of cell death that occurs in phagocytes of the myeloid lineage such as macrophages, dendritic cells, and neutrophils, although pyroptosis has also been described in CD4+ T cells, keratinocytes, epithelial cells, endothelial cells and neurons [@bb0070], [@bb0080]. Pyroptosis is mainly initiated by microbial infection and is followed by Caspase-1 activation and the secretion of pyrogenic interleukins [@bb0085], [@bb0090]; however, the activation of pyroptosis by nonbacterial or microbial pathological stimuli is still unclear [@bb0095]. Additionally, a detailed investigation of this mode of cancer cell death is needed, either alone or alongside other death mechanisms such as apoptosis or necrosis [@bb0080], [@bb0095]. The following section of this review provides an understanding of how pyroptosis can be induced by other stimuli and detail how its molecular mechanisms differ from other forms of cell death in tumor tissues ([Figure 2](#f0010){ref-type="fig"}).Figure 2The role of mitochondria for induction of pyroptosis. Drug-treated cells receive signals through cell membrane receptors, and the drug invades the cytoplasm. The drugs altered the significant functions of mitochondria lead to the release of reactive oxygen species (ROS) and cardiolipin, which are actively involved in NLRP inflammasome formation and Caspase-1 activation. Activated Caspase-1 produces cleaved gasdermin to initiate pyroptosis-mediated cell death by cell membrane swelling, pore formation, and eventual lysis.Figure 2

Nonmicrobial Pathological Stimuli for Inducing Pyroptosis {#s0020}
=========================================================

As described earlier, the inflammasome can trigger not only pyroptotic but also apoptotic caspases for cell death. Many chemotherapy drugs and plant metabolic compounds have been investigated and found to destroy cancer cells by activating Caspase-3-mediated apoptosis. Based on this finding, a recent study clearly demonstrated that the cleavage of gasdermin-E by Caspase-3-induced pyroptosis in HeLa, SH-SY5Y and MeWo cells could instead mediate pyroptosis upon treatment with various chemotherapy drugs, such as the DNA-binding/modifying compounds doxorubicin, cisplatin, and actinomycin-D or the topoisomerase inhibitors topotecan, CPT-11, etoposide and mitoxantrone [@bb0100]. However, to date, only a few reports have demonstrated the activation of pyroptosis using nonbacterial stimuli. The identification that pyroptosis can be induced through chemotherapy represents a seminal finding and provides a new platform for researchers to focus on pyroptosis-induction in cancer as an alternative therapeutic strategy ([Figure 3](#f0015){ref-type="fig"}).Figure 3Molecular mechanism of inflammasome activation for pyroptosis. The inflammasome sensors present on the cell membrane detect drug molecules and activate Caspase-1 through the ASC or NLR adaptor. Active Caspase-1 cleaves the gasdermin family and binds to the plasma membrane, generating cell blebbing and membrane rupture and ultimately promoting pyroptosis. These pores can also facilitate the extracellular release of mature IL-1β and IL-18 to induce pyroptosis in cancer cells.Figure 3

Mitochondria and Pyroptosis {#s0025}
===========================

A salient role of mitochondria is the production of ATP energy molecule; hence, it is named the "powerhouse of the cell". Apart from energy synthesis, mitochondria are involved in other functions, including reactive oxygen species (ROS) generation, redox molecules and metabolites, the regulation of cell signaling and cell death, and biosynthetic metabolism [@bb0105]. Mitochondria are crucial regulators of metabolic-redox (meta-redox) modifications in tumor cells by providing a source of DNA-damaging ROS [@bb0110]. ROS can also regulate oncogenic signals to inhibit the metastasis of cancer cells [@bb0115]. A recent examination concluded that the mode of cancer cell death mediated by radiotherapy using ionizing radiation and existing cancer therapy drug targets was through increased ROS production [@bb0120], [@bb0125]. Elevated ROS levels were found in the liver carcinoma cells with enhanced autophagy activation [@bb0130], [@bb0135]. When cancer cells are treated with anticancer drugs, the incomplete reduction of oxygen during mitochondrial oxidative phosphorylation may produce a variety of ROS that may affect both proteins and nucleic acids in cancer cells [@bb0140], [@bb0145]. mtDNA (mitochondrial DNA) is responsible for targeting cancer cells by causing mutations and is performed for synthesis the variety of proteins to activate key messenger networks for cancer signaling pathways [@bb0150], [@bb0155]. For example, cardiolipin which is in lipid form and situated inner membrane of mitochondria [@bb0160]. Whereas cardiolipin is known for its vital role in mitochondrial oxidative phosphorylation and the initiation of apoptosis, a recent study reported that cardiolipin recruits and activates the NLRP3 inflammasome for pyroptosis-mediated cell death [@bb0165]. In addition, damaged mitochondria can facilitate the formation of activating NLRP3 inflammasomes, resulting in Caspase-1-dependent secretion of the interleukin-1b (IL-1b) and IL-18, ultimately directed to the highly inflammatory form of cell death---pyroptosis [@bb0090], [@bb0165], [@bb0170], [@bb0175], [@bb0180]. Thus, anticancer drug molecules may damage the mitochondria and induce NLRP3 inflammasomes, leading to cancer cell death via pyroptosis ([Figure 2](#f0010){ref-type="fig"}).

Caspases and Pyroptosis {#s0030}
=======================

The group of protease enzymes named Caspases which possess essential roles in the programmed cell death process, such as apoptosis, necroptosis, and pyroptosis [@bb0025], [@bb0185], [@bb0190]. Caspase activation directs to pyroptosis-mediated cell death, which is an emerging function for protecting an organism from aggressive stress signals and pathogenic infection [@bb0195], [@bb0200]. Caspases have been studied and found to play a variety of roles in processes such as cell proliferation, tumor suppression, cell differentiation, neural development, and axon guidance and aging [@bb0200], [@bb0205], [@bb0210]. The earlier investigations concluded that caspases can be classified into three groups: apoptotic inducer caspases (Caspase-3, 6, and 7), apoptotic originator caspases (Caspase-2, 8, 9, and 10), and inflammatory cytokine activity such as Caspase-1, 4, 5, and 11 [@bb0190], [@bb0215]. The lack of caspase activity has been recognized as a cause of tumor progression and leads to the deregulation of apoptosis, which is a key feature of most cancers [@bb0200], [@bb0220], [@bb0225], [@bb0230]. Hence, the scientific research community has begun to focus more attention on caspases as a key target for cancer therapy to regulate cell death in tumor tissues [@bb0185], [@bb0215]. Recent research is explicit that cell death caused by pyroptosis is conceded by alterations in osmotic pressure which leads to increased water inflow, cellular swelling and, ultimately, membrane rupture, which has been accredited to Caspase-1 activation [@bb0235], [@bb0240]. Caspase-1, 4 and 5 expression is directed to form cytokines and cleave gasdermin D by signaling cascades [@bb0030], [@bb0170], [@bb0205], [@bb0245], [@bb0250], [@bb0255]. It is associated with DNA cleavage and nuclear condensation [@bb0260], [@bb0265], [@bb0270]; in pyroptosis cell death, nuclear integrity is uninterrupted which is a distinct characteristic feature from apoptosis. Nevertheless, DNA cleavage and its responsible nuclease during pyroptosis are remained unknown ([Figure 3](#f0015){ref-type="fig"}).

Molecular Targets of Pyroptosis {#s0035}
===============================

There are five active targets such as cytokines, NLRP3, ASC, Caspases, and Gasdermin family identified for pyroptosis induction. The nucleotide-binding domain, leucine-rich family (NLR), pyrin-containing 3 (NLRP3) inflammasome is currently the most characterized inflammasome, and it consists of a scaffold protein (NLRP3), an apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) adaptor, and caspase 1. Inflammasomes are intracellular multiprotein complexes that act as platforms for the maturation and secretion of the proinflammatory cytokines interleukin (IL)-1b and IL-18. Upon activation of the NLRP3 inflammasome, pro-caspase 1 is recruited to the platform and then auto-catalytically cleaved to its active form, activated caspase-1 processes the cytosolic precursors of the related cytokines IL-1β and IL-18, thus allowing secretion of the biologically active cytokines, finally resulting in pyroptosis [@bb0275], [@bb0280] On the other hand, caspase-1 activation facilitates the cleavage of gasdermin family to carry out pyroptosis cell death signals [@bb0285].

Inflammasomes {#s0040}
=============

Chronic inflammatory responses are not only related to tumor progression but also have important roles in tumor immunity and immunotherapy. The impairment of inflammasome formation may cause many major diseases [@bb0290], [@bb0295]. The inflammasomes consist of Caspase-1, ASC (apoptosis-associated speck-like protein includes a caspase-recruitment domain (CARD)) and NOD-like receptor (NALP) [@bb0175], [@bb0300], [@bb0305] and they are accumulated in response to invading pathogens and/or threat signals. Inflammasomes are mainly involved in the innate immune pathway for the maturation of active IL-1β and interleukin-18 from pro-IL-1β and IL-18, ultimately inducing pyroptosis [@bb0030], [@bb0075], [@bb0185], [@bb0310], [@bb0315]. Three NLR family members, Nlrp1, Nlrp3, and Nlrc4, have been targeted to induce the pyroptotic process against pathogenic infections. The NLR family has unique domains with protein--protein interactions [@bb0175], [@bb0185], [@bb0305] due to the presence of an N-terminal PYRIN-PAAD-DAPIN domain (PYD) and a C-terminal CARD. The Nlrp3 inflammasome is predominantly activated against bacterial, viral and fungal agents [@bb0320], [@bb0325], [@bb0330], [@bb0335], and it also plays key roles in K+ efflux, lysosomal destabilization, pore formation in the plasma membrane, mitochondrial damage, ROS production, Ca2+ influx, cell swelling and bursting, and pyroptosis-mediated cell death, among others [@bb0175], [@bb0285], [@bb0340], [@bb0345]. Unlike Nlrp3, the Nlrp1 and Nlrc4 inflammasomes are activated for a more limited set of bacterial components [@bb0235], [@bb0320], [@bb0325], [@bb0350]; hence, Nlrp3 has been extensively studied for therapeutic purposes [@bb0225].

The NLRP3 inflammasome has a protective role against the development of cancer [@bb0280], [@bb0355], [@bb0360]. For instance, the NLRP3 inflammasome is significantly down-regulated in liver cancer tissues when compared with non-cancerous liver tissues and that patients with more progressive hepatocellular carcinoma have lower expression levels of the NLRP3 inflammasome components, indicating that the down-regulation of the multiprotein NLRP3 inflammasome platform is likely involved in HCC progression. Furthermore IL-18 was previously assigned an antitumor function in a variety of experimental tumor models [@bb0365], [@bb0370] and notably mice lacking caspase-1 are defective in the maturation and secretion of IL-1β and IL-18 [@bb0375], [@bb0380]. Moreover, IL-18 was reported to inhibit tumor growth and angiogenesis [@bb0385], [@bb0390]. In summary, inflammasome components and pathways suppress tumor growth by activating tumor-associated inflammatory responses and may provide clues for cancer therapy ([Figure 3](#f0015){ref-type="fig"}).

Gasdermin Family {#s0045}
================

The six members of gasdermin family have found in most of all vertebrates they are GSDMA, GSDMB, GSDMC, GSDMD, DFNA5, and DFNB59 [@bb0395]. The gasdermin group mostly activated in epithelial tissues and appears to show a fundamental function in the regulation of epithelial proliferation and differentiation. Moreover, GSDMA, GSDMC, GSDMD, and DFNA5 also have been studied to act as tumor suppressors in cancer tissues [@bb0400]. Among them, GSDMD has been identified as a substrate of caspase activation and performs pyroptosis in infected cells [@bb0180], [@bb0405]. Activated Caspase-1 and Caspase-11/4/5 produce cleaved gasdermin D, releasing its N domain, which induces cell swelling and bursting of the plasma membrane. Finally, cell death occurs via pyroptosis [@bb0100], [@bb0410], [@bb0415], [@bb0420], [@bb0425], [@bb0430]. Further studies must analyze the formation of GSDMD pores in cancer cell membranes both in vitro and in vivo and how these mechanisms contribute to pyroptosis-mediated programmed cell death of cancer cells ([Figure 3](#f0015){ref-type="fig"}). Similarly, more investigations are required to determine the biochemical basis of pyroptosis cell death in cancer therapy.

Conclusion {#s0050}
==========

Pyroptosis is a lytic type of programmed cell death used to destroy pathogens that occurs by activating signaling pathways to induce cell swelling and plasma membrane rupture. Recent studies have mainly focused on the pyroptosis pathway as an alternative mode of cell death in the treatment of many diseases. However, the mode of action for the induction of pyroptosis-mediated cancer cell death for cancer therapy remains unclear. Further research is still required in order to uncover the mechanisms of pyroptosis and its precise functions in vitro and in vivo. Moreover, this review suggests that the activation of various signaling pathways in combination with existing chemotherapeutic agents in order to boost the anticancer immune response would be a novel therapeutic target for cancer pathogenesis.
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